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ABSTRACT

There are severa methods to measure soil bulk density (p_) such as the
paraffin sealed clod (PS), the volumetric ring (VR), the computed tomography (CT),
and the neutron-gammasurface gauge (SG). In order to evaluate, in anon-destructive
way, the possible modificationsin soil structure caused by sampling for the PS and
VR methods of p_evaluation we proposed to usethe gammaray CT method. A first
generation tomograph was used, consisting of a 2'!Am source and a 7.62 cm by
7.62 cm Nal (TI) scintillation crystal detector coupled to aphotomultiplier tube. Results
confirm the effect of soil sampler devices on the structure of soil samples, and that
the compaction caused during sampling causes significant alterations in soil bulk
density. Through the use of CT it was possible to determinethe level of compaction
and to make adetailed analysis of the distribution of the soil bulk density within the
soil sample.

Key words: soil structure, soil bulk density, sampling, radioisotopes application

RESUMO

Existem varios métodos para se medir adensidade do solo (p), tais como: o
método do torréo parafinado, do anel volumétrico, datomografiacomputadorizadae
da sonda néutrons-gama de superficie. Visando avaliar por técnicas ndo invasivas,
possiveis modificacBes da estrutura do solo causadas pelo procedimento de amos-
tragem usado paraos métodos do anel volumeétrico e do torrdo parafinado, foi proposto
0 uso da técnica de tomografia computadorizada. Para as medidas foi utilizado um

*Work presented at the Workshop on Managing Nuclear Knowledge (8-12 November, 2004) organized by the International Centre for Theoretical
Physics (ICTP), Trieste, Italy, and co-organized by the International Atomic Energy Agency (IAEA), Vienna, Austria.
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tomégrafo de primeira geragdo com fonte radioativa de >*Am e detector do tipo
plano de cintilagdo solida de Nal(TI) com dimensdes de 7,62 cm por 7,62 cm. Os
resultados obtidos confirmam o efeito dos dispositivos de amostragem na estrutura
das amostras de solo e a compactacdo causada durante a amostragem causa sig-
nificativas alteragOes nos valores de p_. Através do uso da tomografia com-
putadorizada foi possivel determinar o nivel de compactagdo introduzido e fazer
uma analise detalhada da distribui¢go de p_no interior das amostras de solo.

Palavras-chave: estrutura do solo, densidade do solo, amostragem, aplicacéo de

radioi sGtopos

I ntroduction

There are several methodsto measure soil bulk
density (p ) like the paraffin sealed clod (PS), the
volumetricring (V R), the computed tomography (CT),
and the neutron-gammasurface gauge (SG) (Timm et
al., 2005). Pireset al. (2004a) showed usingthe CT
techniquethat the VR method induces changesin soil
structure during sampling procedures, mainly for small
soil samples, causing under and overestimeted p_ values.
Thesemodificationsinp_occur duetocompactioncdlose
tothecylinder wallsand, in some cases, at thetop and
bottom regionsof thesoil sample. Sofar, non-destructive
evd uation methodswerenct utilizedto evduatepossible
aterationsin p, produced by sampling procedures
applied to the clodsin the PS method.

Soil compactioniscaused by adecrease of the
pore volume after acompression processincreasing
soil density (Kutilek and Nielsen, 1994; Reichardt and
Timm, 2004). Compaction eventsaffect several soil
physical properties, mainly those related to soil water
movement. Compaction causes destruction in soil
structure and as consequence root distribution and
devel opment areinfluenced. Soil density isused asan
indicator of soil compaction. So, the method used for
soil compaction evaluation must be free of sampling
influences

In order to evaluate in a non-destructive way
possible modifications in soil structure caused by
sampling usingthePSand VR methodsfor p_evauation
we proposed to use the gamma ray CT method.
Petrovicet al. (1982) introduced the CT method for p
evaluation. But intheliterature there are many other
worksusing the CT method for the same purpose. For
instance: i) Vaz et al. (1989) made analysis of soil

compactioninduced by tillage; ii) Langmaack et al.
(1999) studied biological soil regeneration after soil
compectionusngtwopediesof earthworm; iii) Wiermann
et al. (2000) examined changes in soil mechanical
propertiesinduced by tillageand fiddtraffic; iv) Jegou
et al. (2002) analyzed theimpact of soil compaction
dueto trafficking by machinery on earthworm burrow
systems, v) Balogun and Cruvine (2003) investigated
the use of the Compton scattering tomography asa
tool for mapping soil dengity distribution and, vi) Pires
et al. (2003) used gammaray CT to investigate soil
compaction on sewage sludge treated soil after
machinery traffic.

Theory

When a gamma ray beam passes through the
matter, different processes can occur duetotheradiation
interaction with the atomsthat composethe material.
L et usconsider anincident gammaray beam of initial
intensity |, crossing a homogeneous material with
thickness| (cm). Thisincident beam isattenuated dong
this pathway and the transmitted photon intensity |
followsthe Beer-Lambert law:

()

1l

[=1,e"

wherep (cm?) isthelinear attenuation coefficient, which
represents the probability of photon absorption or
scattering per unit length for agiven photon energy E,
(keV) duringinteractionwith thesample, and p (g.cn1?)
isthephysica density of themateridl.

Considering aCT scan for a heterogeneous

p.d
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material, the gamma photons follow a number of
different directions and cross regions with distinct
physical properties, within different thicknessesl. For
thereconstruction of atomographicimageof thedensty
distribution of the chosen plane or cut, acoordinate
system (X, y) isused to locate the measurement points.
WhenaCT isperformed theemergent photonintensity
isproportional to theintegral of all u (x, y) along a
pathway L (Fig. 1). Substituting thisintegral into Eq. 1
itispossibleto obtain:

2
@ 111[%]:1“(,\1 y)dl

wherethe subscript r represents measurementstaken
at different parallel positions separated by aconstant
distance Ar from each other and ¢ therotation angle
of the (x, y) axes, taken asteps Ad.

&
DETECTOR

Figurel- Projectionsfrom aspecific object using computed
tomograph. A) Represents the slice of a object
defined asf(x, y) and having auniform thickness
Az. B) Coordinate system used to describe the
tomography image reconstruction method.

Mathematicdly, itispossbleto defineafunction
f(x,y), called M dengity function, whichrepresentsthe
cross-sectional distribution of aphysical property M
of interest. Themain objectiveof the CT istoreproduce
asaccurady aspossiblethisfunctionf(x, y). For gamma
ray CT, f(x, y) representsthelinear attenuation coefficient
u of thematerial, whichisrelatedto M. Thelineinte-
gra of thefunctionalong (r, ) iscalled thesumray or

projectionray P(r, ), given by:

9 )

&) P(r,0) = J/(_\A, v)dl

whenf(x,y) isequa tou(x, y) itispossibleto obtain,
through the Egs. 2 and 3, acompl ete set of sumrays
for adefined angle ¢, called projection. Acquiring a
great number of setsof projectionsfor different values
of ¢ and analyzing them computationdly, itispossible
to determine and to recongtruct thefunction f(x, y) that
provides a 2-D image of the object submitted to the
CT andysis(Herman, 1980).

Often, thelinear attenuationinthe CT imageis
convertedinto numerica vauescaled TU (Tomographic
Units). For asoil sampletherelation between TU and
u of thesampleisgivenby:

4 TU =a.p=a.(n, .p,+u,,90)

where o representsthe correl ation coefficient between
wand TU, u_and p_ (cm?.g*) are the mass
attenuation coefficientsof soil and water, respectively,
and 6 (cm?®.cn1®) isthe volumetric soil water content.

Differencesinthe TU va uesrepresent differences
insoil physcd dengty a eachpoint or pixd . Consequently,
itispossibleto obtain density distribution mapsinside
the soil sample, and in the case of amoist soil sample,
this density distribution includes the water content
distribution. Ontheother hand, if the soil sampleisdry
or itswater content isuniformly distributed, the TU
distribution permitsto obtain soil bulk density values
accordingto Eq. 5:

5 L.
oo, 0)

whereU (g.g?) representsthe gravimetric soil water
content.

Material and methods

Soil sampling
Core samplesweretaken from profilesof asoil
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classified as Rhodic Eutrustox (26 % sand, 26 % silt,
48 % clay) at the experimental field of University of
S8o Paulo, College of Agriculture, in Piracicaba, SP,
Brazil (22°4’ S; 47°38 W, 580 m above sealevel).
Four samples (3.0 cm high, 4.8 cminterna diameter,
55 cm? gpproximate volume) were collected at the soil
surface (0— 10 cm) with aluminum cylindersfor the
VR method. The sampling procedurefor thismethod
consisted in theintroduction of cylindersinto the soil
using arubber massfaling from different heights. After
acompleteintroduction of four ringsinto the soil, the
surrounding soil was removed with a spade. The
excavation wasmade carefully allowing theextraction
of thecylinderscompletely filled with an excess of soil
onthetop and at the bottom of each sample. Carewas
taken during this process to minimize vibration,
scissoring and compaction effects on the structure of
thesoil samples. Inthelaboratory eachringwascarefully
trimmed in order to assurethat eech ringwascompletely
filled with the soil. The sampling procedurefor the PS
method consisted inthe excavation of soil surfaceto5
cm depth and with aspade soil wasremoved to obtain
thesoil clods. Thesesoil clodswereinvolvedinaplagtic
film after sampling to avoid losses of water, and care
wastaken during thetransportationto minimizedamages
inthe structure of the clods. Average values of p_at
each point and the comparison between the two
methods of sampling were made through the Tukey
statistic test at 5% probability level.

Computed tomography scanning

A first generation tomograph with fixed source-
detector arrangement and translation/rotational
movements of samplewas used to obtain theimages.
Theradioactivesourcewasan?*Am, with an activity of
3.7 GBq, and the detector wasa 7.62 cm by 7.62 cm
Nal(T1) scintillation crystal coupledtoaphotomultiplier
tube. Circular lead collimatorsof 1 mm were adjusted
and aligned between source and detector. Angular
samplerotation steps Ad were 2.25° until completinga
scan of 180°, with linear steps Ar of 0.14 cm. The
pixel sizewas 1.14 x 1.14 mm? calculated from the
ratio of the inner diameter of the soil sampleto the
number of pixelsof thereconstruction matrix. Data
acquisition and trand ation/rotational movementswere

controlled by aPC (Fig. 2) and arecongtructiondgorithm
called Microvis (2000) developed by Embrapa
Agricultura Ingtrumentation (Sao Carlos, Brazil) was
utilizedto obtainthe CT images.

Figure2- Schematic diagram of the first generation
tomograph. (1) lead collimators, (2) Nal (Tl) detector;
(3) photomulltiplier tube; (4) high-voltage unit; (5)
21Amsource; (6) amplifier; (7) monocand analyzer;
(8) counter; (9) timer; (10) microcomputer; (11)
stepping motor and (12) soil sample. Reprinted, with
permission, from Pires et al. (2002); copyright
Elsevier Science Publishers.

Thecdlibration of thetomograph was obtained
through the correlation among u of different materials
using the gamma-ray transmission method, and the
respective TU (Pireset al., 2002). Thetomographic
images of soil samplesweretaken for vertical planes
crossing the center of the sample. TU values of the
sampleswereconverted into soil density profilesusing
Eq. 5.

For aqualitative eval uation of thetomographic
images, acontrast transfer function (CTF) was used
(Cruvinel et al., 1990). In order to avoid effects of
possibleartifactsor fluctuationsintheimages, according
to observations by other authors (Herman, 1980), we
made our quantitative analyses selecting areassmaller
than thereal soil samplesizeinsidethecylinder. With
this procedure we excluded the samplestrip closeto
the cylinder wallswherethe abrupt density changes
(auminum/soil) may causeknownimagedigtortionsfor
the case of soil samplescollected by the VR method.

Resultsand discussion

Publ. UEPG Exact Earth Sci., Agr. Sci. Eng., Ponta Grossa, 11 (2): 7-15, ago. 2005



Thecdibration of thetomograph was performed
usng materidsof different linear attenuation coefficients.
Tomographic unitsand respective linear attenuation
coefficientsareshownintheTable 1andthecdlibration
inFig. 3.

Tablel- Averagevaluesof u (linear attenuation coefficients)
and TU (Tomographic Units) for samples used to
calibrate the gamma-ray tomograph for a 2!Am
radioactive source.

Material u(em™) uT
Water 0.1989+0.0007 198+7
Acrylic 0.1411+£0.0010 140+10
Nylon 0.2051+0.0013 204+7
Glycerin 0.2197+0.0006 22049
Alcohol 0.1475+0.0005 149+8

The obtained values for linear attenuation
coefficientsof themateria sused for calibration, aswell
asthevalues of the mass attenuation coefficientsof the
soil 0.32752 + 0.00288 and of the water 0.19890 +
0.00245 cn.gt arein accordance with thosefoundin

1)

the literature (Ferraz and Mansell, 1979). The
coefficient of correlation (r?) (Fig. 3) demonstratesthat
thelinear regression representsavery good adjustment
for the data obtained experimentaly.
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Figure3- CT cdibrationfor 21 Am gammaphotons.

Figs. 4A and B show the CT imagesfor the soil
samplesusually used for analysisby the VR and PS
methods. Soil sampleswere collected three daysafter
rainfall event withthesoil having afield cgpacity 6. This
field capacity 6 isvery important to minimize possible
modificationsin the soil structureinduced by sampling
procedure. When 6, during sampling, islower thanfield
capacity condition soil samples can present damages
initsstructurelike cracksandfissures. CT andysiswas
carried out after soil samplesreachingaresdud 6 vaue.
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Figure4- (A-B) CT images of soil samples used for analysis of soil density by the volumetric ring (VR) and by the paraffin
sedled clod (PS) methods. (C-F) Analysis of transects in width and depth of samples used in the VR and the PS
methods. (G-H) TU (Tomographic Unit) distribution histograms obtained for samples collected with volumetric rings
and by the PS method.
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It can be observed through theimage analysis
(Figs. 4A and B) that for the VR method thereisa
tendency of compaction near thecylinder wallsandin
the top and the bottom regions of samples. Thiswas
observed by Camponez do Brazil (2000) workingwith
fivedifferent soil ssamplers, showing that theseequipments
disturb the soil samplestructureto someextent. Pireset
al. (20044) used CT to study compaction induced by
sampling and concluded that the modificationsin soil
sructureafter sampling dependson severa things. the
equipment used to sampl e, the size of cylinders, the
typeof soil, and the soil water content. RegionsinFigs.
4A and B with dark grey colorsindicate areas with
larger p, and, therefore, presenting compaction. Soil
samples used by the PS method exhibit the same
behaviour of those sampled through volumetric rings.
Usualy soil samplescollected by volumetricringsare
used in soil water retention curvesand soil hydraulic
conductivity eva uations. A good soil sampling procedure,
causing minimum damagesin the soil structure, is
required to guarantee that the retention curves are
representative of the natural soil profileinthefield. A
poor soil water retention curve canlead to important
practical problemsof water management inirrigated
crops. Clodssampling for the PSmethod areonly used
to p_ measurements. Van Remortel and Shields (1993)
explainthat p_obtained by the PSmethod are, in gene-
ra, higher than thoseeva uated by theVVR method, due
to some paraffin penetration into the poresof theclod,
causing areduction of thevolumemeasurement. Timm
et al. (2005) found higher valuesof p_inthePSthanin
the VR method confirming the observations made by
van Remortel and Shields. Clod sampling used by the
PS method causes some damagesin sample structure
asshowninFig. 4B. Thisimage anaysisconfirmsthat
theincreasein p_isinduced by sampling and probably
not by paraffin penetration into the poresof theclods,
becausesoil clodsweresubmittedto CT andysisbefore
theimpregnation by paraffin. Figs. 4Cto Fdlow abetter
visudization of TU variationsaongtransectswithinthe
samples, bothin depth and a ong thewidth.

TheresultsshowninFigs. 4C to F confirmthe
compaction closeto the cylinder wallsin the case of
sampling through volumetric rings and close to the
border of the clods sampling for the PS method, as
observed inanaysisof transect in width. For analysis

13)

in depth some compaction can be observed for samples
from the VR method and in the case of the PS method
thiscompactionisnot evident. Table 2 presentsaverage
p, for samples used in the VR and PS methods and
respective standard deviations. Anaysisinthewidth
transectswere carried out dividing soil imagesinthree
different parts. left and right bordersand center of soil
samples.

Table2- Soil density values determined for the VR and PS
methods and respective standard deviations.
Soil samples VR
Ps (g£1n'3)
Lefi Center Right
1 1.73 1.59 1.74
2 1.69 1.57 1.83
3 1.69 1.64 1.69
4 1.72 1.60 1.69
Average 1.71x0.02 1.60£0.03 1.74x0.07
PS
1 1.79 1.71 1.80
2 1.80 1.72 1.83
3 1.76 1.58 1.82
4 1.77 1.64 1.78

1.78+0.02 1.66+0.07 1.81+0.02

Average

Average measured p_ values demonstrate an
increase of about 7 % (left border) and 8 % (right
border) in comparison with the center zone of the soil
samples. The center zone was considered the non-
compacted region. Thiscoincidenceisvery interesting

Publ. UEPG Ci. Exatas Terra, Ci. Agr. Eng., Ponta Grossa, 11 (2): 7-15, ago. 2005



(s

asit showsthat both methods of sampling causethe
same damagesin soil structure.

ThehigogramsshowninFigs. 4G andH givean
ideaof thesimilarity of theimpact of the methods of
samplinginsoil sructure. Thedidributionof TU indicates
alarger heterogeneity of the samplesused by the VR
thanthose by the PSmethod. Thislarger heterogeneity
could havebeeninduced during the sampling procedure
through modificationsinsoil structurecaused by alimited
volumeof soil sampleingdethecylinders, asshowed by
Pireset al. (2004b).

The average p_ values were 1.68+0.01 (VR
method) and 1.75+0.03 g.cm® (PS method). These
valuespresent datistical differencesat 5% probability
level throughthe Tukey test. Thisresult confirmsthose
obtained by Timm et al. (2005) for the sametype of
soil.

Conclusion

This paper assessesthe possible changesonthe
structure of undisturbed soil core samplesused to soil
water retention curves (samplessampled by volumetric
rings) and soil density evauations (samplessampled by
excavation) by using gammaray computed tomography.
Theresultsfrom the non-destructive investigation
characterized damages on the structure of the soil
caused by the two methods of sampling. The use of
gammaray CT helpedto explain the compaction close
to the border of the samples collected by cylinders
(volumetric ring method) and by excavation (paraffin
sealed method) and provided detail ed informations
about the soil density distributions along the soil
samples. CT isanimportant tool to eval uate effects of
thehuman actioninland useandit can helpto develop
new methodol ogiesto minimizethe possble damages
caused by natural processesor human activitiesin soil.
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